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BACKGROUND AND PURPOSE
Atrial metabolic remodelling is critical for the process of atrial fibrillation (AF). The PPAR-α/sirtuin 1 /PPAR co-activator α (PGC-1α)
pathway plays an important role in maintaining energy metabolism. However, the effect of the PPAR-α agonist fenofibrate on AF is
unclear. Therefore, the aim of this study was to determine the effect of fenofibrate on atrial metabolic remodelling in AF and
explore its possible mechanisms of action.

EXPERIMENTAL APPROACH
The expression of metabolic proteins was examined in the left atria of AF patients. Thirty-two rabbits were divided into sham, AF
(pacing with 600 beats·min�1 for 1 week), fenofibrate treated (pretreated with fenofibrate before pacing) and fenofibrate alone
treated (for 2 weeks) groups. HL-1 cells were subjected to rapid pacing in the presence or absence of fenofibrate, the PPAR-α
antagonist GW6471 or sirtuin 1-specific inhibitor EX527. Metabolic factors, circulating biochemical metabolites, atrial electro-
physiology, adenine nucleotide levels and accumulation of glycogen and lipid droplets were assessed.

KEY RESULTS
The PPAR-α/sirtuin 1/PGC-1α pathway was significantly inhibited in AF patients and in the rabbit/HL-1 cell models, resulting in a
reduction of key downstream metabolic factors; this effect was significantly restored by fenofibrate. Fenofibrate prevented the
alterations in circulating biochemical metabolites, reduced the level of adenine nucleotides and accumulation of glycogen and
lipid droplets, reversed the shortened atrial effective refractory period and increased risk of AF.

CONCLUSION AND IMPLICATIONS
Fenofibrate inhibited atrial metabolic remodelling in AF by regulating the PPAR-α/sirtuin 1/PGC-1α pathway. The present study
may provide a novel therapeutic strategy for AF.

Abbreviations
AcAc, acetoacetate; AERP, atrial effective refractory period; AF, atrial fibrillation; BOH, β-hydroxybutyrate; FFA, free fatty acid;
GLUT4, glucose transporter 4; GS1, glycogen synthase1; H-FABP, heart fatty acid binding protein; MCAD, medium-chain acyl-
CoA dehydrogenase; mCPT-1, mitochondrial carnitine palmitoyltransferase1; PDH, pyruvate dehydrogenase; PDK4, pyruvate
dehydrogenase kinase 4; PGC-1α, PPAR co-activator 1α; p-GS1, phosphorylated-GS1; TKB, total ketone body
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PPAR-α AMPK

Other protein targets CaMKII

H-FABP PDK4
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GLUT4

LIGANDS

Acetoacetate (AcAc) ATP
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ADP Fenofibrate
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Introduction
Atrial fibrillation (AF) is the most common sustained arrhyth-
mia in clinical practice andmay eventually cause heart failure
and stroke. The initiation and progression of AF result from
atrial remodelling, including electrical, structural and con-
tractile remodelling, which has been shown to contribute
continuously to the self-perpetuating nature of AF (‘AF begets
AF’) (Casaclang-Verzosa et al., 2008; Heijman et al., 2014).
Both experimental and clinical studies have suggested that
disturbances in atrial energy metabolism are involved in the
pathogenesis of AF (Ausma et al., 2000; Mihm et al., 2001).
Recently, studies reported that metabolism-related proteins
and key enzymes in energy metabolism were deregulated
and transcripts involved in several glycolytic enzymes were
up-regulated in human persistent AF (Barth et al., 2005; Mayr
et al., 2008; Tu et al., 2014). Moreover, the impairment of
energy production or consumption was found during AF
(Tsuboi et al., 2001; Cha et al., 2003; Seppet et al., 2005).
AMP-activated protein kinase (AMPK) is regarded as a sensor
of metabolic stress. AMPK is activated to protect the atria
against profibrillatory effects and compensate for the meta-
bolic dysfunction in experimental AF (Harada et al., 2015).
However, AF induces the up-regulation of Ca2+/calmodulin-
dependent protein kinase II (CaMKII) and AMPK, resulting
in lipid and glycogen accumulation (Lenski et al., 2015).
The understanding of the precise mechanism underlying
the impact of cardiac metabolic remodelling on AF persis-
tence remains limited.

Sirt1 (a homologue of yeast sir2 and NAD+ -dependent
class-III histone/protein deacetylase, which is a shuttling pro-
tein between the nucleus and cytoplasm) is a key molecule in
metabolic regulation (Guarente, 2006). Phospho-Sirtuin 1
(p-sirt1 activating form) is essential for its own enzyme activ-
ity and nuclear translocation, which is considered to be its
primary protective role (Tanno et al., 2007; Sasaki et al.,
2008; Tanno et al., 2010). Importantly, sirtuin 1 plays a piv-
otal role in maintaining metabolic homoeostasis by up-
regulating fatty acid oxidation genes, such as mitochondrial
carnitine palmitoyltransferase1 (mCPT-1) and medium-chain
acyl-CoA dehydrogenase (MCAD), and suppressing sterol reg-
ulatory element-binding protein-1 (SREBP-1) (Lagouge et al.,
2006). Furthermore, it is widely accepted that sirtuin 1
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regulates PGC-1α activity, which is involved in the regulation
of mitochondrial biogenesis and energy metabolism (Chang
and Guarente, 2014).

The PPAR-α agonist fenofibrate is widely used for
dyslipidaemia in the clinic. PPAR-α activation has been sug-
gested to prevent the reduction in fatty acid metabolism
genes and reverse cardiac dysfunction (Liang et al., 2003;
Lam et al., 2015). Fenofibrate can reduce lipotoxicity in the
pathological heart and kidney (Asai et al., 2006; Hong et al.,
2014). Both PPAR-α and sirtuin 1 have emerged as interesting
targets because they are positively involved in the regulation
of fatty acid and glucose metabolism (Madrazo and Kelly,
2008; Chang and Guarente, 2014). PPAR-α and sirtuin 1 are
regulated by fenofibrate (Wang et al., 2015). However, the
effects of fenofibrate on the atrial metabolic disturbance
associated with AF are not completely understood. Therefore,
our study was designed to investigate whether fenofibrate
prevented atrial metabolic remodelling in AF through the
PPAR-α/sirtuin 1/PGC-1α pathway.
Methods

Group sizes
To evaluate the effects of fenofibrate pretreatment before
right atrial rapid-pacing stimulation, the rabbits were ran-
domly divided into four groups: (1) sham operated group
(sham group, n = 8) with sutured electrodes and no pacing;
(2) pacing group (AF group, n = 8) with an AF model induced
by rapid right atrial pacing for 1 week at 600 beats·min�1; (3)
fenofibrate treatment group (AF + FB group, n = 8) with
fenofibrate-administered p.o. (Fournier, Daix, France) at a
dose of 125 mg·kg�1·day�1 for 14 days (Hennuyer et al.,
1999; Zhao et al., 2014) and pacing the right atria for 1 week
beginning on the eighth day; and (4) fenofibrate alone group
(n = 8) with sutured electrodes and no pacing and only p.o.
administration of fenofibrate (125 mg·kg�1·day�1) for
14 days.

Randomization
We used the random number table to perform the randomiza-
tion. First, all rabbits were weighed and placed in order by wt

http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=593
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1540
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http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2533
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http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1713
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4788
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from light to heavy in the range 2.5–3.0 kg. Then, we chose a
number from the random number table randomly and
numbered that to the lightest rabbit. In total, four groups
were needed; therefore, we divided the number by four. If this
number was divided exactly by four, the rabbit would be put
into the first group; if not, but with remainder 1, the rabbit
would be allocated into the second group, and similarly, to
the third and forth groups. After the lightest rabbit was
grouped, the number on the right of the previous one in the
random number table was given to the second rabbit, and
the same methods were used to group this rabbit until all
the rabbits had been allocated to a group.

Blinding
All the data were collected and analysed by two observers
who were blinded to the group assignment of animals.

Normalization
The following data were normalized: biochemical measure-
ments, atrial electrophysiology, quantitative analysis of
Western blotting and the expression of genes. Moreover, for
data sets of Western blotting and RT-PCR, all the data were ad-
justed to the values of the internal standard (such as GAPDH
or β-actin). First, we calculated the control mean, and then all
values in all groups respectively to the mean value of the
experimental control group in order to set the Y-axis so the
control group value is 1 or 100%, and all the individual test
values as fold of control mean, and statistically analysis of
these normalized values was conducted as appropriate (Curtis
et al., 2015). The Y-axis was labelled as fold of control mean.
No data were used for transformation in our experiments.

Validity of animal species or model selection
In the present study, the AF model was established according
to our previous studies (Li et al., 2007; Liu et al., 2013). Rabbits
were chosen as a species to use in this study, because of their
sensitivity to rapid-pacing-induced AF.

Animal studies
Animal studies are reported in compliance with the ARRIVE
guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015).
The use of animals and all procedures were in agreement with
the Guide for the Care and Use of Laboratory Animals (NIH
Publication 2011, eighth edition) and were approved by the
Animal Care and Use Committee of the Harbin Medical
University (Harbin, China). All rabbits were raised in the
SPF (specific pathogen free) animal centre of the First Affili-
ated Hospital of Harbin Medical University. All animals
received a standard laboratory diet and filtered water ad
libitum. They were housed in individual cages in a
temperature-controlled room at 23°C under a 12 h
light–dark cycle. Thirty-two New Zealand white rabbits
(2.5–3.0 kg, male, Experimental Animal Centre of the First
Affiliated Hospital of Harbin Medical University, Harbin,
China) were used in this study.

Experimental procedures
The rabbits were anaesthetized with ketamine (30–35 mg·kg�1)
and xylazine (Sigma; 5mg·kg�1 i.m.). All rabbit procedures were
performed by sterile thoracotomy under mechanical ventila-
tion. A bipolar electrodewas attached to the right atrium and su-
tured. A pacemaker (AOO, Fudan University, Shanghai, China)
was implanted in a s.c. pocket and connected with an electrode
lead. The operations that could cause pain and distress were
performed in another room without other animals present. All
rabbits were allowed to recover for 1 week after the operation.

Interpretation
This study was carried out in complied with the replacement,
refinement and reduction (the 3Rs).
Further methods

Patient selection
All patients recruited into the study provided informed con-
sent for their samples to be used. The study complied with
the principles that govern the use of human tissues outlined
in the Declaration of Helsinki. Left atrial appendages were
obtained as surgical specimens from patients undergoing
cardiac surgery for mitral valve replacement following
established procedures approved by the local Ethics Commit-
tee. Samples were collected from patients with sinus rhythm
(SR, n = 6, without history of AF) and permanent AF (n = 6,
documented arrhythmia for >6 months before surgery).
Patients were excluded from the study if they had other car-
diac diseases, such as severe congestive heart failure, or seri-
ous systemic diseases, such as thyroid disease, impaired
glucose tolerance or diabetes mellitus. The specimens were
immediately stored in liquid nitrogen and then fixed in
10% paraformaldehyde for 48 h at 4°C. The clinical subject
characteristics were shown in Table 1.

Rabbit AF model
Thirty-two New Zealand white rabbits (2.5–3.0 kg,
Experimental Animal Center of the First Affiliated Hospital
of Harbin Medical University, Harbin, China) were randomly
divided into four groups as stated above. The AF model was
established according to our previous studies (Li et al., 2007;
Liu et al., 2013). The rabbits were anaesthetized with keta-
mine (30–35 mg·kg�1) and xylazine (Sigma; 5 mg·kg�1 i.m.).
All rabbit procedures were performed by sterile thoracotomy
under mechanical ventilation. A bipolar electrode was
attached to the right atrium and sutured. A pacemaker
(AOO, Fudan University, Shanghai, China) was implanted
in a s.c. pocket and connected with an electrode lead. All
rabbits were allowed to recover for 1 week after the operation.
All blood samples were collected after an overnight fast, and
serum was separated and stored at �80°C before analysis.

Cell culture
HL-1 cells were cultured in flasks in Claycomb medium (JRH
Biosciences, Lenexa, KA, USA) supplemented with 10% foetal
calf serum, 100 U·mL penicillin and 100 μL streptomycin
(Gibco-BRL, Rockville,MD,USA). HL-1 cells (≥1 × 106myocytes)
were cultured in well plates and subjected to tachypacing by
applying a YC-2 stimulator (Chengdu, China), as described in
previous studies (Yang et al., 2005; Brundel et al., 2006). The cells
British Journal of Pharmacology (2016) 173 1095–1109 1097



Table 1
Characteristics of the clinical subjects

SR (n = 6) PAF (n = 6) P value

Age (years) 50.67 ± 3.55 58.17 ± 3.32 0.154

BW (kg) 72.33 ± 7.80 63.67 ± 5.71 0.391

BMI (kg·m�2) 24.83 ± 4.81 23.38 ± 4.35 0.596

Left atrial diameter (mm) 43.5 ± 1.95 54.33 ± 4.88 0.066

Right atrial diameter (up and down, mm) 49.33 ± 1.31 57.33 ± 3.47 0.0564

Right atrial diameter (left and right, mm) 36.83 ± 1.17 36.17 ± 3.89 0.87

EF (%) 61.00 ± 1.93 64.50 ± 3.45 0.397

Fasting blood glucose (mmol·L�1) 5.94 ± 0.69 5.68 ± 0.47 0.76

Total cholesterol (mmol·L�1) 4.66 ± 0.78 4.08 ± 0.29 0.418

Triglycerides (mmol·L�1) 1.19 ± 0.27 1.24 ± 0.77 0.886

Medication

Spirolactone 6/6 6/6

Furosemide 6/6 6/6

Angiotensin II receptor blocker (ARB) 1/6 0/6

NYHA class (II/III) 4/2 3/3
aThe data are expressed as mean ± SEM. SR, sinus rhythm.
bPAF, permanent atrial fibrillation; BW, body wt; BMI, body mass index; EF, ejection fraction; NYHA, New York Heart Association classification.
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were stimulated at 10 Hz with square pulses of 5 ms duration
and a pulse voltage set to 1.5 V·cm�1. The required capture effi-
ciency was 90% of cells (microscopic examination of cell short-
ening) throughout the stimulation period.

Biochemical measurements
Blood samples were centrifuged at 3000–3500× g for
10–15 min. All procedures followed the manufacturer’s in-
structions. Lactate, heart fatty acid binding protein (H-FABP)
and free fatty acid (FFA) concentrationmeasurement kits were
obtained from Jiancheng Biological Technical Institute
(China). Ketone body assay kits were provided by BioAssay
Systems (EnzyChrom™, Hayward, CA, USA). The total ketone
body (TKB) was calculated as acetoacetate (AcAc) + β-
hydroxybutyrate (BOH) (Sharma et al., 2011). Serum levels
of total cholesterol (TC), triglycerides (TG), blood glucose,
creatine kinase (CK) and creatine kinase isoenzyme-MB (CK-
MB) were determined by the Roche Cobas c311 automatic
biochemistry analyser (Tokyo, Japan).

Atrial electrophysiology
The atrial electrophysiology measurements were collected ac-
cording to the method described in a previous study (Zhao
et al., 2010). Eight basic stimuli (S1) were followed by a prema-
ture extra stimulus (S2), and the S1S1 cycle had two basic cycle
lengths (BCLs) (150 and 200 ms). The S1–S2 interval was in-
creased by 5 ms and then decreased in 2 ms steps until S2 failed
to capture the depolarization defined as the atrial Effective Re-
fractory Period (AERP) value. The AERP value was measured
three times at BCLs of 200 ms (AERP200) and 150 ms (AERP150)
to obtain the mean value of the three AERPs. AF vulnerability
was determined as the percentage of AF and the atrial arrhyth-
mia recorded with an intracardiac electrode sustained for over
1098 British Journal of Pharmacology (2016) 173 1095–1109
1 s induced by a train of 10 Hz, 2 ms stimuli to the right atrium
at four times the threshold current.

Adenine nucleotide determination
The adenine acid concentrations in the atrial tissues were de-
termined as previously described (Sellevold et al., 1986). The
atrial tissue block (50 mg) was homogenized and
deproteinized in pre-cooled 0.4 M perchloric acid (HClO4)
to measure the ATP, ADP and AMP concentrations, which
were expressed in μmol·g�1 wet wt (μmol·gwwt�1). A total
of 300 μL of the supernatant was assessed by HPLC. Total ad-
enine nucleotides (TAN) were calculated as ATP + ADP + AMP.

Immunohistochemical determination
Atria (including the appendage and free wall) tissue specimens
were fixed in 10% formalin and processed for paraffin sections
with a 3–5 μm thickness. First, the specimens were rehydrated
in xylene and ethanol solutions. Then, the sections were incu-
bated with an anti-sirtuin 1 (1:200; Cell Signaling Technology,
Danvers, MA, USA), anti-glycogen synthase1 (GS1, 1:300;
Biosynthesis Biotechnology, Beijing, China) anti-phospho-
glycogen synthase1 (p-GS1, 1:300; Biosynthesis Biotechnology,
Beijing, China), anti-PPAR-α (1:200), anti-PGC-1α (1:250
Abcam, Cambridge, MA, USA) anti-human p (ser47)-sirtuin 1
(1:200, Abcam, Cambridge, MA, USA), anti-rabbit p(ser47)-
sirtuin 1(1:100, Biosynthesis-Biotechnology, Beijing, China),
anti-glucose transporter 4 (GLUT4) (1:500; Abcam, Cambridge,
MA, USA), anti-mCPT-1 (1:200; Abcam, Cambridge, MA, USA)
or anti-MCAD (1:300; Abcam, Cambridge, MA, USA) antibody
overnight at 4°C. The tissue sections were reacted with
peroxidase-conjugated goat anti-rabbit IgG (1:1000, Abcam) or
peroxidase-conjugated rabbit anti-goat IgG (1:1000,
Zhongshan, Beijing, China) at 37°C for 10–20 min. Then, they



Fenofibrate inhibits atrial metabolic remodelling BJP
were visualized with a DAB-based colorimetric method (Li et al.,
2012). A Periodic acid Schiff (PAS) staining kit (BA-4044A, Baso,
Baso Biotechnology, Zhuhai, China) was employed to evaluate
the glycogen distribution in myocytes. The positive cell area
density (defined as the positive cell area/total area of the field)
was applied to determine the expression of the target proteins
by the digital medical image analysis system (HPISA-1000,
Olympus, Shinjuku, Japan). The accumulation of lipid droplets
in cardiac myocytes was detected by the Oil Red O staining kit
(BA4081, Baso, Biotechnology, Zhuhai, China). Briefly, 10 μm
frozen sections were obtained from a Leica CM1850, Germany
and dyed with the Oil red O reagent at room temperature for
5–10 min. Then, the sections were dyed with haematoxylin.
The lipid droplets are shown in red and the nuclei in blue.

Real-time RT-PCR
Total RNAwas extracted with TRIzol (CWbio. Co. Ltd, Beijing,
China). The quantitative real-time reverse transcriptase-PCR
(RT-PCR) was used to determine the gene expression of meta-
bolic factors using previously described procedures (Seiler et al.,
2004; Liu et al., 2013). The total RNAwas treated with RNase-free
DNase I (CWbio. Co. Ltd, Beijing,China) for 30 min at 37°C,
heated to 75°C for 5 min and then finally cooled to 4°C. The
real-time PCR was performed on the 7500 Sequence Detection
System (Applied Biosystems, Foster City, CA, USA).The primers
of related genes used in the study are listed in Table 2.

Western blotting
Protein samples were separated by 8–12% SDS-PAGE. The
Western blotting procedures were basically the same as those
Table 2
Primers for real-time PCR

Gene name Primer seq

Sirt1 forward primer CTTGTGGAAGTAAC

Sirt1 reverse primer GACCTCCATCAGC

PPAR-α forward primer CTACGAGGCCTAC

PPAR-α reverse primer CGAGCGTCTTCTCA

MCAD forward primer CCTAAGGCTCCTG

MCAD reverse primer AACCAGCTCCCTCA

SREBP-1 forward primer AAACTGCCCATCCA

SREBP-1 reverse primer TTCAGCTTTGCCTC

PGC-1α forward primer TGATGACAGCGAAG

PGC-1α reverse primer TTTGGGTGGTGACA

mCPT-1 forward primer CTTTGACCGACACC

mCPT-1 reverse primer TGGTGGACAGGAT

GLUT4 forward primer GGCTTTGTGGCGT

GLUT4 reverse primer GATGAAGTTGCACG

PDK4 forward primer CTTCAGTTACACAT

PDK4 reverse primer GTAACCCGTAACCG

PDH forward primer GCCAATCATAAAAG

PDH reverse primer ATGCCAAACATCCC

β-actin forward primer AGATCGTGCGGGA

β-actin reverse primer CAGGAAGGAGGGC
described in a previous study (Li et al., 2012). The proteins
were transferred to a PVDF membrane. Then, the membranes
were incubated overnight at 4°C with primary antibodies
against sirtuin 1 (1:300, Cell Signaling Technology), p-sirtuin
1 (1:1000), PPAR-α (1:300), PGC-1α (1:500), MCAD (1:1000),
mCPT1 (1:1000), GLUT4 (1:1000), SREBP-1(1:100, Abcam)
and GAPDH (1:1000, Zhongshan). The membranes were
incubated with horseradish peroxidase-conjugated goat
anti-rabbit or mouse anti-rabbit IgG (1:1000, Abcam). The
Western blots were developed with the Super-Signal West
Femto Chemiluminescent Substrate (Thermo Scientific, Wal-
tham, MA, USA) and quantified by scanning densitometry
(Chemi-DOC, Bio-Rad, Laboratories, Hercules, CA, USA).
Data and statistical analyses
All quantitative data are expressed as the mean ± SEM.
Statistical significance between different groups was deter-
mined by an unpaired t-test for two groups or a one-way ANOVA

with the Bonferroni’s post hoc test to compare all pairs of
columns for more than two groups. A value of P < 0.05 was
considered statistically significant. The data and statistical
analysis comply with the recommendations on experimental
design and analysis in pharmacology (Curtis et al., 2015).
Drugs
EX527 was obtained from Tocris Bioscience (Tocris Biosci-
ence, Bristol, UK), fenofibrate and GW6471 were obtained
from Sigma-Aldrich (St Louis, MO, USA).
uences Product size (bp)

AGTGATAGTGG 159

CCCAAA

CTGAAGAACTT 134

GCCATAC

CCAGTAAA 178

CCAAGTAA

CCGACT 170

AGTGCC

ATGAAAGTG 133

CGGAAT

TGTTTGC 116

GTTGTGGTT

TCTTTGA 132

TCCAGTTG

ACTCCACCGC 86

AAACCAG

ACGCTG 150

CAAGT

CATCAAG 182

TGGAAGA
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Results

Alterations of key metabolic factors in AF
patients
We examined the protein expression of key metabolic factors
in left atrial appendages from SR and AF patients (Figure 1).
The mCPT1, MCAD and GLUT4 protein levels were signifi-
cantly down-regulated in the AF patients (Figure 1A–1E),
whereas SREBP1 was significantly increased in the AF patients
(Figure 1F). Collectively, these findings indicated that AF con-
tributed to the reduction in fatty acid oxidation and the
transportation of glucose. We also found that the levels of
PPAR-α, p-sirtuin 1 and PGC-1α were significantly down-
regulated in the AF patients compared with the SR patients.
However, no significant difference in sirtuin 1 expression
was found between the SR and AF groups (Figure 2A–2D).
Fenofibrate reversed the AF-induced alterations
in circulating biochemical metabolites
As shown in Table 3, no significant difference was observed in
the blood glucose, TG or TC between the sham and AF
groups. In contrast, we found that the concentrations of se-
rum AcAc and BOHwere markedly increased in the AF rabbits
compared with the sham rabbits at the baseline level.
Figure 1
Alterations in the expression of key metabolic factors in the atria of patients
mitochondrial carnitine palmitoyltransferase1 (mCPT1), medium-chain a
(GLUT4) in the atria of patients. (B) Quantitative analysis of the expression of
bands and quantitative analysis of mCPT1, MCAD, GLUT4 and sterol regulat
nification is ×20. *P < 0.05 versus SR group, n = 6 per group.
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Fenofibrate attenuated the AF-induced elevation in the AcAc
and BOH levels. Moreover, the TKB level was significantly
increased in the AF group compared with the sham group,
which were reversed by fenofibrate. The serum lactate level
in the AF group was significantly higher compared with the
sham group; however, the lactate level was markedly re-
duced in the fenofibrate treated group compared with the
AF group, indicating that glycolysis was significantly
increased during AF.

Additionally, the H-FABP and FFA levels were significantly
increased in the AF group compared with the sham group.
Fenofibrate application resulted in a reduction in H-FABP
and FFA compared with the AF group (Table 3). Furthermore,
rapid pacing significantly elevated the serum CK and CK-MB
levels compared with the sham group. Fenofibrate prevented
the rapid pacing-induced elevation in CK and CK-MB levels
(Table 3).
Electrophysiological measurements
The tendency for a rabbit to show signs of AF was dramati-
cally increased in the AF group compared with the sham rab-
bits at baseline. However, the incidences of AF were markedly
decreased after fenofibrate treatment (Figure 3B). AERP150
and AERP200 were significantly reduced in the AF rabbits
compared with the sham rabbits at baseline. Treatment with
with SR or AF. (A) Representative images of the protein expression of
cyl-CoA dehydrogenase (MCAD) and glucose transporter type 4
mCPT1, MCAD and GLUT4 proteins in the atria. (C–F) Representative
ory element binding protein1 (SREBP1) protein expression. The mag-



Figure 2
Down-regulation of PPAR-α, PGC-1α and phospho-sirtuin 1 expression in AF patients. (A, B) Representative images and quantitative analysis
of PPAR-α, PGC-1α, sirtuin 1 and phospho-sirtuin 1 (p-Sirt1) expression in the atria of patients with SR or AF. (C, D) Representative band
quantitative analysis of the expression of PPAR-α and PGC-1α in the atria of patients. The magnification is ×20. *P < 0.05 versus SR group,
n = 6 per group.

Table 3
Changes in serum biochemical metabolites

Groups sham AF AF + FB FB

Blood glucose (mmol·L�1) 7.12 ± 0.50 8.05 ± 0.44 7.89 ± 0.49 7.03 ± 0.33

TG (mmol·L�1) 1.91 ± 0.12 1.66 ± 0.18 1.33 ± 0.19 1.18 ± 0.13

TC (mmol·L�1) 1.86 ± 0.14 1.61 ± 0.18 1.31 ± 0.19 1.71 ± 0.25

AcAc (mmol·L�1) 1.59 ± 0.19 3.59 ± 0.48* 2.50 ± 0.34 2.21 ± 0.52

BOH (mmol·L�1) 0.48 ± 0.04 1.38 ± 0.25* 0.81 ± 0.18# 0.64 ± 0.08

TKB (mmol·L�1) 2.07 ± 0.16 5.07 ± 0.31* 3.18 ± 0.39# 2.85 ± 0.48

Lactate (mmol·L�1) 2.89 ± 0.23 5.43 ± 0.33* 4.01 ± 0.35# 3.55 ± 0.19

H-FABP (ng·L�1) 57.34 ± 5.67 259.4 ± 32.11* 148.2 ± 17.87# 68.91 ± 7.15

FFA (μmol·L�1) 302.7 ± 44.93 1120 ± 108.5* 778.1 ± 79.73# 309.5 ± 40.28

CK (U·L�1) 467.8 ± 17.42 1345 ± 122.5* 1003 ± 104.1# 666.8 ± 105.0

CK-MB (U·L�1) 134.1 ± 9.83 293.9 ± 23.56* 224.3 ± 16.44# 163.3 ± 20.89
aThe data were represented as mean ± SEM.
bTG, triglyceride; TC, total cholesterol; AcAc, acetoacetic acid; BOH, β-hydroxybutyrate; TKB, total ketone body = AcAc + BOH; H-FABP, heart-type
fatty Acid binding protein; FFA, free fatty acid; CK, creatine kinase; CK-MB, creatinine kinase isoenzyme MB.
*P < 0.05 versus sham group,
#P < 0.05 versus AF group, n = 7 per group.
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Figure 3
Fenofibrate (FB) reversed the AF-induced AERP and adenine nucleotide reduction. (A) AF was induced after rapid-pacing. (B) AF inducibility. (C, D)
AERP150 ms and AERP200 ms, n = 8 per group. (E–H) Quantitative analysis of the ATP, ADP, AMP and TAN levels in the atria of rabbits. *P < 0.05
versus sham group, #P < 0.05 versus AF group, n = 6 per group.
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fenofibrate reversed the rapid pacing-induced AERP150 and
AERP200 shortening in the AF + fenofibrate group compared
with the AF group (Figure 3C,D).

Adenine nucleotide concentrations
The ATP, ADP and AMP concentrations weremarkedly decreased
in the AF group compared with the sham group (Figure 3E–3G).
The ATP, ADP and AMP levels in the AF + FB group were higher
than the levels in the AF group (Figure 3E–3G). Moreover, the
total adenine nucleotide (TAN) pool level was significantly
reduced in the AF group of rabbits compared with the sham
group of rabbits (Figure 3H). Significant differences in TANwere
found between the AF and AF + FB groups (Figure 3H).

The effect of fenofibrate on the accumulation of
glycogen and lipid droplets
Abnormal glycogen accumulation is an important indicator
of AF metabolic remodeling. PAS staining showed that AF in-
duced an increase in glycogen accumulation in the atria, as
shown in Figure 4A. A large number of red granules were
observed in the cardiac tissue; this accumulation was partially
attenuated by fenofibrate. Similarly, Oil red O staining
detected lipid droplets in the atria among the groups
(Figure 4D). The rapid atrial pacing resulted in a notable accu-
mulation of lipid droplets (indicated with black arrows in
Figure 4D). However, fenofibrate significantly reduced this ac-
cumulation of lipid droplets. Immunohistochemical staining
showed that GS1 was significantly increased in the AF group
compared with the sham group (Figure 4B), whereas p-GS1
1102 British Journal of Pharmacology (2016) 173 1095–1109
was markedly reduced (Figure 4C); this effect was reversed by
fenofibrate. These findings indicate that AF inducedGS1 expres-
sion and inhibited the up-regulation of p-GS1. Thus, fenofibrate
could improve the imbalance in GS1/p-GS1 expression and
reduce the accumulation of glycogen.

Fenofibrate inhibited the AF-induced
remodelling of key metabolic factors
Exposure of the atria in rabbits to rapid pacing obviously
decreased the protein and gene expression levels of
mCPT-1 and MCAD and increased SREBP1 expression;
these effects were attenuated by fenofibrate (Figure 5A–5C).
Next, we detected the mRNA and protein levels of crucial
regulators of glucose metabolism, including GLUT4, pyru-
vate dehydrogenase (PDH) and pyruvate dehydrogenase ki-
nase 4 (PDK4). AF significantly inhibited the expression of
GLUT4 and PDH and enhanced PDK4 mRNA expression;
these changes in expression were restored by fenofibrate
(Figure 5B,5D).

Fenofibrate attenuated the down-regulation of
the PPAR-α/sirtuin 1/PGC-1α proteins during AF
Figure 6 shows that the mRNA and protein expression levels
of PPAR-α, PGC-1α and p-sirtuin 1 were significantly reduced
in the AF rabbits, although the alterations in sirtuin 1 mRNA
and protein expression levels were not significant compared
with the sham group. Fenofibrate reversed the down-
regulation of these key metabolic regulators (Figure 6A–6F).
Similarly, HL-1 cells were pretreated with fenofibrate



Figure 4
Fenofibrate (FB) reduced the AF-induced accumulation of glycogen and lipid droplets and the expression of glycogen synthase 1 (GS1). (A) Rep-
resentative images and quantitative analysis of the accumulation of glycogen in all rabbit groups. The magnification is ×40. The glycogen is
displayed as red granules in the cardiac tissue. (B) Representative images and quantitative analysis of the expression of the GS1 protein in the atria.
(C) Representative images and quantitative analysis of phospho-glycogen synthase1 (p-GS1) protein expression in the atria. The magnification is
×20. (D) Oil Red O was used to visualize lipid droplets in the atrial myocytes. The magnification is ×40. Lipid droplets are stained light red and
nuclei are stained blue. *P < 0.05 vs. sham group, #P < 0.05 versus AF group, n = 7 per group.
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(100 μM) for 1 h (Huang et al., 2009; Wang et al., 2013) and
then stimulated with rapid pacing for 24 h. The PPAR-α,
phospho-sirtuin 1 and PGC-1α expression levels were mark-
edly decreased in the rapid pacing HL-1 cells; this effect was
inhibited by fenofibrate (Figure 7A, 7B). However, no obvious
change in sirtuin 1 expression was observed in the pacing
group compared with the control group, whereas fenofibrate
up-regulated sirtuin 1 expression (Figure 7A,7B).
Fenofibrate inhibited AF-induced metabolic
remodeling through the PPAR-α/sirtuin
1/PGC-1α pathway
To determine whether the inhibitory effect of fenofibrate on
atrial metabolic remodeling during AF was dependent on
PPAR-α activation, the PPAR-α antagonist GW6471 was used.
The HL-1 cells were pretreated with GW6471 (1 μM) for 1 h
(Planavila et al., 2011) and then incubated with fenofibrate
(100 μM) for 1 h followed by pacing stimulation for 24 h. The
expression of PPAR-α, p-sirtuin 1 and PGC-1α was significantly
decreased in the GW6471 + FB + pacing group compared with
the control group, indicating that GW6471 attenuated the pos-
itive effect of fenofibrate on PPAR-α/sirtuin 1/PGC-1α expres-
sion in an vitro model of AF. The above results demonstrate
that fenofibrate inhibits the AF-induced down-regulation of
PPAR-α, p-sirtuin 1 and PGC-1α in pacing stimulated HL-1 cells
through PPAR-α activation (Figure 7C,7D).

To investigate whether sirtuin 1 was involved in the inhibi-
tory effect of fenofibrate on atrial metabolic remodelling and
the relationship between PPAR-α and sirtuin 1, the HL-1 cells
were pretreated with the sirtuin 1 specific inhibitor EX527
(10 μM) for 1 h (Zarzuelo et al., 2013) and then treated with
fenofibrate (100 μM) for 24 h (Figure 8A, 8B). Fenofibrate
abolished the EX527-induced reduction in PPAR-α and p-sirtuin
1 in the HL-1 cells, indicating that PPAR-α positively regulated
sirtuin 1 and sirtuin 1 in turn regulated PPAR-α.

The HL-1 cells were pretreated with the sirtuin 1 inhibitor
EX527 (10 μM) for 1 h and then treated with fenofibrate
(100 μM) for 1 h and stimulated with rapid pacing for 24 h
(Figure 8C, 8D). The Western blotting results indicated that
AF inhibited the expression of PPAR-α, p-sirtuin 1 and PGC-
1α, but fenofibrate reversed this effect. Interestingly, the effect
of fenofibrate on the expression of the PPAR-α, p-sirtuin 1 and
PGC-1α was attenuated by EX527 (Figure 8C, 8D).

Finally, we assessed the expressions levels of downstream
metabolic proteins controlled by the PPAR-α/sirtuin 1/PGC-1α
pathway in vitro. AF inhibited GLUT4 expression and increased
SREBP1 expression; this effect was reversed by fenofibrate
(Figure 8C, 8D). However, EX527 attenuated the inhibitory
effects of fenofibrate on atrial metabolic remodelling in an vitro
British Journal of Pharmacology (2016) 173 1095–1109 1103



Figure 5
Fenofibrate (FB) inhibited the remodelling of key metabolic factors induced by AF. (A, B) Representative bands and quantification of mCPT1,
MCAD, SREBP1 and GLUT4 protein. (C) Quantitative analysis of the expression of the mCPT1, MCAD, SREBP1 genes. (D) Quantitative analysis
of the expression of GLUT4, pyruvate dehydrogenase (PDH) and pyruvate dehydrogenase kinase 4 (PDK4) genes. The protein expression was nor-
malized to GAPDH, and the gene expression was normalized to β-actin. *P< 0.05 versus sham group, #P< 0.05 versus AF group, n = 7 per group.
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model of AF. The above results indicate that fenofibrate inhibits
the atrial metabolic remodelling of AF via a sirtuin 1-dependent
pathway. Taken together, our findings suggest that fenofibrate in-
hibits atrial metabolic remodelling induced by AF by regulating
the PPAR-α/sirtuin 1/PGC-1α pathway.
Discussion
The main findings of our present study were that: (1) the
PPAR-α, p-sirtuin 1, PGC-1α, mCPT1, MCAD and GLUT4 ex-
pression levels were decreased, while the SREBP1 level was
increased in AF patients; (2) fenofibrate prevented the
down-regulation of mCPT1, MCAD, GLUT4, PDH, PPAR-α,
p-sirtuin 1, PGC-1α and the up-regulation of SREBP1 and
PDK4 in animal and cell models of AF; and (3) fenofibrate
prevented the atrial metabolic remodelling of AF through
the PPAR-α/sirtuin 1/PGC-1α pathway.

Previous studies demonstrated abnormal alterations in
energy metabolism, such as glycogen accumulation and the
reduction of adenine nucleotides, in both animal models
and humans with AF (Ausma et al., 2000; Mihm et al., 2001;
Tsuboi et al., 2001). Similarly, a significant increase in the
atrial blood lactate level was observed during acute AF (van
Bragt et al., 2014). Fenofibrate was reported to significantly
decrease the level of BOH in high-lipid diet rats (Xu et al.,
2014). We demonstrated that AF induced a marked increase
in the circulating lactate, AcAc, BOH and TKB levels in rabbits
subjected to rapid-pacing for 1 week. The H-FABP, CK and
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CKMB levels were also significantly increased, indicating
that AF-induced ongoing metabolite accumulation and
myocardial damage. However, fenofibrate inhibited the me-
tabolite accumulation and myocardial damage during AF,
indicating that it has a protective role during AF. Consistent
with our findings, the fenofibrate agonist PPAR-α has been
shown to have a cardioprotective role against cardiac
ischaemia/reperfusion injury (Sugga et al., 2012; Lam et al.,
2015). Accordingly, these results indicate that AF-induces
metabolic alterations, such as a reduction in adenine nucle-
otides, the accumulation of glycogen and lipid droplets and
an elevation of circulating biochemical metabolites, thereby
resulting in ongoing myocardial damage. Fenofibrate
inhibited these metabolic alterations via activation of the
PPAR-α pathway.

Fenofibrate increases the expression of fatty acid β-oxidation
enzymes in the fatty liver (Seo et al., 2008) and reduces SREBP1c
expression (Barbieri et al., 2012). Both studies of AF indicated a
significant down-regulation of transcripts and proteins involved
in lipidmetabolism (Barth et al., 2005; Tu et al., 2014).Moreover,
recent studies indicated that AF induced an increase in factors
involved in lipid droplet formation (Chilukoti et al., 2015). We
observed that the levels of mCPT-1 and MCAD were markedly
down-regulated in animal model and humans with AF. Con-
versely, SREBP1 was significantly increased, and there was a rise
in the serum H-FABP level followed by a reduction in fatty acid
transportation and β-oxidation metabolism. These effects led
to reduced ATP and elevated FFA levels and the accumulation
of lipid droplets, which were reversed by fenofibrate. The results
suggest that AF induced the accumulation of lipid droplets by



Figure 6
Fenofibrate (FB) prevented the down-regulation of the PPAR-α/sirtuin 1/PGC-1α proteins in AF rabbits. (A) Representative images of sirtuin 1 and
phospho-sirtuin 1 (p-Sirt1) protein expression in the atria of rabbits. (B, C) Quantitative analysis of the expression of the sirtuin 1 and p-sirtuin 1
protein. (D, E) Representative bands and quantitative analysis of PPAR-α and PGC-1α expression in the atria of rabbits. (F) Quantitative analysis of
the expression of the sirtuin 1, PPAR-α, and PGC-1α genes in all groups. The magnification is ×20. *P < 0.05 versus sham group, #P < 0.05 versus
AF group, n = 7 per group.
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increasing the adipogenesis-related factor SREBP1 and down-
regulating fatty acid oxidation. Sirtuin 1 activates PGC-1α to
up-regulate fatty acid oxidation genes. PPAR-α and sirtuin 1were
reported to co-regulate the expression of genes promoting fatty
acid uptake and oxidation (Planavila et al., 2011). The AF-
induced down-regulation of mCPT-1 and MCAD and up-
regulation of SREBP1 might have resulted from a reduction in
PPAR-α, sirtuin 1 and PGC-1α expression. Consistent with these
findings, we found that fenofibrate up-regulated the expression
of mCPT1 and MCAD, down-regulated the expression of
SREBP1 and reduced the accumulation of lipid droplets in both
in vitro and in vivomodels of AF by enhancing the expression of
PPAR-α, sirtuin 1 and PGC-1α.

It has been suggested that AF induces a reduction in glucose
uptake by decreasing GLUT4 expression, which was associated
with β3 adrenoceptor activation or AMPK and CaMKII activa-
tion following glycogen accumulation (Liu et al., 2013; Lenski
et al., 2015). In this present study, glycogen accumulation was
associated with an abnormal ratio of GS1/p-GS1. Fenofibrate
ameliorated this imbalance in GS1/p-GS1 expression, resulting
in a reduction in glycogen accumulation. Our findings demon-
strated for the first time that PDK4 gene expression was signifi-
cantly elevated in AF rabbits and that there was an obvious
down-regulation of PDH and GLUT4 expression. These effects
led to impairments in glucose transportation and TCA cycleme-
tabolism and an increase in the glycolysis pathway, resulting in
an elevation of lactate and ketone levels and a reduction of ade-
nine nucleotide levels. Moreover, the inactivation of PDH and
ketone bodies to glucose perfusion could induce increasing
levels of glycogen synthesis (Kashiwaya et al., 1994; Mayr
et al., 2008). Similarly, in our study, AF induced alterations in
PDH and PDK4 that contributed to the significant increase in
GS1 expression, which was accompanied by a corresponding
down-regulation of p-GS1.

Accumulating evidence suggesting that fenofibrate up-
regulates the expression of PDK4 and GLUT4 by activating
PPAR-α (Okada et al., 2009; Saito et al., 2014) and that
resveratrol-activated sirtuin 1 could suppress the activity of
PDK4 to enhance PDH activity (Sin et al., 2015).
Interestingly, in our study, fenofibrate suppressed the expres-
sion of PDK4 and increased the expression of PDH and
GLUT4. These effects inhibited the disturbance in GS/p-GS1
expression via PPAR-α activation, resulting in improved
glucose metabolism, reduced levels of ketones and lactate,
decreased glycogen deposition, the production of more ATP
and the consumption of less oxygen.

The PPAR-α agonist fenofibrate prevented the progression
of hypertensive heart damage, cardiac hypertrophy, heart
failure and lipotoxic cardiomyopathy in addition to its lipid
lowering effects; however, the effects of fenofibrate on AF
are not known. Our present study found a significant down-
regulation of PPAR-α, phospho-sirtuin 1 and PGC-1α
British Journal of Pharmacology (2016) 173 1095–1109 1105



Figure 7
Fenofibrate (FB) improved the metabolic remodelling via a PPAR-α dependent pathway in the AF cellular model. (A) Representative bands of the
protein expression of sirtuin 1, p-sirtuin 1, PPAR-α and PGC-1α in HL-1 cells. (B) Quantitative analysis of the expression of sirtuin 1, p-sirtuin 1,
PPAR-α and PGC-1α. *P < 0.05 versus control group, #P < 0.05 versus pacing group. (C) Representative bands of PPAR-α, sirtuin 1, p-sirtuin 1
and PGC-1α expression in pacing cells with or without GW6471 treatment. (D) Quantitative analysis of the expression of PPAR-α, sirtuin 1, p-
sirtuin 1 and PGC-1α in all groups. The data were presented as mean ± SEM. *P < 0.05 versus control group, $ P < 0.05 versus control group,
#P < 0.05 versus pacing group, (GW6471 + FB + pacing group) $ P < 0.05 versus FB + pacing group, #P < 0.05 versus GW6471 + FB + pacing
group for sirtuin 1 expression. n = 5 per group.
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expression in cells, rabbits and AF patients. This effect was
followed by a reduction in mCPT1, MCAD, GLUT4 and PDH
expression and an increase in SREBP1 and PDK4 expression.
Interestingly, these small changes in the expression of
metabolic factors in AF rabbits induced the derangement of
atrial fatty oxidation and glucose metabolism,
which was consistent with the findings of our previous study
(Meng et al., 2009). Moreover, we demonstrated that
fenofibrate up-regulated the expression of PPAR-α, phospho-
sirtuin 1 and PGC-1α, resulting in the regulation of down-
stream metabolic factors. This effect was abolished by
GW6471, indicating that fenofibrate inhibited metabolic
factor remodelling through a PPAR-α-dependent pathway.
Studies have shown that PPAR-α activated by fenofibrate
regulates sirtuin 1 expression (Purushotham et al., 2009;
Wang et al., 2013). Moreover, sirtuin 1 and PGC-1α have been
proposed as the key regulators of metabolic remodelling in
the heart. In this study, fenofibrate prevented the down-
regulation of PPAR-α and p-sirtuin 1 induced by EX527,
suggesting that PPAR-α positively regulates sirtuin 1.

Resveratrol (an activator of sirtuin 1) has been demon-
strated to be cardioprotective agent (Bhullar and Hubbard,
2015; De Angelis et al., 2015). A previous study was reported
that resveratrol enhanced sirtuin 1 activity and inhibited
the down-regulation of fatty acid oxidation genes via activa-
tion of the PPAR-α pathway (Planavila et al., 2011). In the pres-
ent study, fenofibrate up-regulated p-sirtuin 1 expression via
PPAR-α, resulting in the up-regulation of PGC-1α and its key
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downstream metabolic factors. These effects inhibited the
metabolic disturbance in AF and were attenuated by EX527.
These findings indicate that fenofibrate mitigated metabolic
remodelling during AF by regulating the sirtuin 1 signalling
pathway. AMPK and sirtuin 1 are activated by resveratrol
and can also be amplified through a reciprocal positive regu-
latory loop to prevent metabolic stress (Chang and Guarente,
2014).When AMPK is activated, it affects atrial Ca2+ handling
and contractility and, in particular, protects the atria against
metabolic stress (Harada et al., 2015). Fenofibrate has been
shown to inhibit inflammation and lipotoxicity by activating
PPAR-α and subsequently AMPK (Wang et al., 2013; Hong
et al., 2014), indicating that fenofibrate may positively regu-
late AMPK via activation of PPAR-α and sirtuin 1.

PPAR-α was demonstrated to regulate sirtuin 1 activity in
both vivo and vitro models (Bonzo et al., 2014; Wang et al.,
2015). All of the protective effects of sirtuin 1 activation
evoked by resveratrol in the heart were lost in PPAR-α�/� mice
(Planavila et al., 2011). Moreover, in vitro AF model, we ob-
served that blockade of the sirtuin 1 pathway abolished the
beneficial effects of fenofibrate. Similarly, blockade of the
PPAR-α pathway abolished the effects of the sirtuin 1 pathway
on the fatty acid oxidation and glucose metabolism genes.
On the basis of our present findings, it is possible that a sim-
ilar process takes place in the AF setting for the activation of
the PPAR-α/sirtuin 1/PGC-1α pathway to promote fatty acid
oxidation and glucose metabolism; in turn, PPAR-α and
sirtuin 1 reciprocally regulate one another and share many



Figure 8
Fenofibrate (FB) inhibited the metabolic remodelling through the PPAR-α/sirtuin 1/PGC-1α pathway in the AF cellular model. (A, B) Representative
bands and analysis of PPAR-α and p-sirtuin 1 protein expression in no-pacing HL-1 cells treated with the sirtuin 1 inhibitor EX527 and/or FB. (C)
Representative bands of PPAR-α, p-sirtuin 1, PGC-1α, GLUT4 and SREBP1 expression in pacing HL-1 cells pretreated with EX527 and/or FB. (D)
Analysis of the expression of, p-sirtuin1, PPAR-α, PGC-1α, GLUT4 and SREBP1 in all groups. n = 3 per group.
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common target genes, including PGC-1α and key factors in-
volved in fatty acid oxidation and glucose metabolism.
Fenofibrate may mimic the effect of resveratrol on modulat-
ing the PPAR-α/sirtuin 1/PGC-1α pathway. However, it should
be noted that the left atrial size in AF patients was larger than
the left atrial size in SR patients, and the impact of atrial
dilatation itself on energy metabolism should not be
neglected. Therefore, the interpretation of these data should
be treated with caution.
Conclusion
We demonstrated that the PPAR-α/sirtuin 1/PGC-1α pathway
participates in atrial metabolic remodelling during AF and
that fenofibrate inhibits atrial metabolic remodelling by
regulating the PPAR-α/sirtuin 1/PGC-1α pathway. Thus, this
pathway may provide a novel potential therapeutic target
for AF. Our study provides novel insights into the pharmaco-
logical role of fenofibrate against AF and atrial metabolic
remodelling.
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